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Noffsinger, Amy E., M.A., June 1986 Zoology
The functional morphology and feeding ecology of the northern squawfish, 
Ptychocheilus oregonensis (61 pp.)
Director: Philip J. Motta
The feeding techniques of a predatory cyprin id, Ptychocheilus oregonensis, 
were examined through gut content techniques, morphological studies and 
cinematography. The osteology, myology and connective tissue elements of 
the head of this species are described, as are some gross morphological features.
Ptychocheilus oregonensis specimens examined fed primarily on young Perea 
flavescens. Crayfish, molluscs and some plant material were eaten as well. 
_P. oregonensis was characterized as an opportunistic predator which feeds on 
the most abundant food source available.
Ptychocheilus oregonensis used suction in feeding. Premaxillary protrusion 
was observed at the time of peak mouth opening. The sequential movements 
of the head occurring during prey capture are described. Attacks on prey were 
initiated from slow-cruising speeds. Differences were found in the velocities 
at which ^  oregonensis attacked different types of prey. Midwater strikes 
occurred at higher speeds than attacks on benthic food items. A 16.7% intrinsic 
failure rate in prey capture was noted. Unsuccessful attacks were the result 
of premature opening of the mouth by the predator. The lack of teeth on the 
jaws of this species may also have been a factor contributing to the failure 
rate.
The feeding behavior of P. oregonensis in comparison to other predatory fish 
species is discussed.
II
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Introduction
In recent years, a good deal of attention has been focused on the relationship 
between morphology, ecology and evolution in teleost fishes. Many of these 
studies have been concerned with the morphology of the head and jaws in 
conjunction with feeding activities. Liem and Osse (1975) found that the greatest 
muscle activity and the largest bone movements in the heads of cichlid fishes 
occurred during feeding. They suggest that food acquisition is the primary 
force driving selection and subsequent adaptations in the heads of teleosts.
Several gross features of the teleost head are of particular interest in feeding 
studies. Among the more important of these are the size and shape of the mouth. 
The relative size of the mouth of a fish depends primarily on the size of the 
food particles it ingests. Teleosts which feed on periphyton, plankton, or small 
benthic invertebrates generally have smaller mouths than piscivorous forms 
(Aleev 1969, Fryer & lies 1972, Greenwood 1974, Gregory 1933, Keast & Webb
1966). Among fish-eating teleosts mouth size may also vary. The diameter 
of the mouth opening is correlated with the means by which the prey is captured. 
Species which pursue their prey have smaller mouths relative to ambushing 
species (Aleev 1969).
The shape of the mouth opening of a fish may also play a significant role 
in its feeding activities., Muller et al. (1982) found that among the more than 
ten suction feeding species they studied, a rotationally symmetrical mouth 
shape was used in feeding. Lauder (1979) found that a tube with a rounded orifice 
is more efficient for generating suction than is one with a laterally notched 
opening. Therefore, the effectiveness of a suction feeding fish may be influenced 
in large part by the shape of its mouth.
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Although the teleost head may reflect to a large extent the size and type 
of food items consumed, body form has also been found to be important in feeding 
activities. Webb (1976, 1978, 1984a, 1984b) and Webb & Skadsen (1980) have described 
the relationship between body form, fin form, strike tactics and prey choice 
in a variety of predatory fish species. They found that predatory fish tend to 
have flexible, streamlined bodies well adapted to the execution of fast starts 
and the rapid acceleration necessary for capturing mobile prey.
General considerations such as head anatomy or body form may provide some 
insight into the type of food items a fish may consume and how it may capture 
them. Recently, however, it has been suggested that there is a need to incorporate 
morphological research with ecological and behavioral studies (Barel 1983, Bock 
1977, 1980, Bock & Van Wahlert 1965, Lauder & Feder 1984, Motta 1985). It is 
necessary to observe the biology of an organism as a whole before one can assign 
a function to any one of its constituent anatomical parts.
The work described in this thesis represents an attempt to integrate studies 
on the jaw and body morphology, feeding ecology, and prey capture and handling 
behavior in the northern squawfish, Ptychocheilus oregonensis. This approach 
has been taken in order to determine how morphological design, of the head in 
particular, might reflect the prey choice and capture techniques of this species.
Ptychocheilus oregonensis, is a predominately piscivorous member of the 
family Cyprinidae. Like other cyprinid fishes, this species is edentulous, possessing 
only large, posteriorly hooked pharyngeal teeth. It is abundant in lakes and 
slow-moving streams throughout the northwestern United States and western 
Canada (Brown 1971, Scott & Grossman 1973).
Ptychocheilus oregonensis is found primarily in shallow waters during the 
summer months, but moves into deeper areas to feed during the winter (Riker
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194!). Daily feeding activity peaks at dusk and at dawn in this species 
(Steigenberger & Larkin 1974).
As juveniles, Ptychocheilus oregonensis feed mainly on aquatic insects and 
other small invertebrates (Thompson 1959). As they grow in length, however, 
their diet consists more of vertebrate prey, primarily fishes. Adult P. oregonensis 
are almost completely piscivorous, although they may at times take insect prey 
as well (Brett & McConnell 1950, Hill 1962, Riker 1941, Thompson 1959). According 
to Jeppson & Platts (1959), the northern squawfish has feeding preferences similar 
to those of the rainbow trout. Sa I mo gairdneri, and the Dolly Varden, Salvelinus 
malma. As a result, ^  oregonensis is regarded as an undesirable fish species 
because it is viewed as a direct competitor to adult gamefish, as well as a predator 
which may have a significant impact on populations of Juvenile trout and salmon 
(Brett & McConnell 1950, Foerster & Riker 1941, Jeppson & Platts 1959, Riker 
1941, Steigen berger & Larkin 1974, Thompson 1959).
The morphology of Ptychocheilus oregonensis has not been extensively 
described. Wiesel (1955) discussed some of the osteological features of the skull 
of P  ̂ oregonensis, but only in part. Several studies, however, have dealt with 
other cyprinid fishes in this regard (Alexander 1966, 1969, Ballantijn et al. 1972, 
Harrington 1955, Matthes 1963, Howes 1978, 1979, 1980, 1981, 1982, Munshi & Singh
1967).
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Materials and Methods
Ptychocheilus oregonensis specimens were caught in 2.5 and 5.0 cm gill nets 
during the summers of 1983, 1984 and 1985 in western Montana at Blanchard Lake 
(Clearwater River drainage). Yellow Bay and Poison Bay of Flathead Lake, and 
the Flathead River. In addition, live specimens were collected from Blanchard 
Lake, Flathead Lake and the Clark Fork River with a hook and line. Fish used 
in anatomical studies were frozen as soon after capture as possible, or were 
preserved in 10% buffered formalin and stored in 70% isopropyl alcohol. Those 
used in gut content analysis were given an intraperitonea I injection of 10% buffered 
formalin immediately upon their removal from the nets. Injection of fixatives 
into the gut acts to halt enzyme activity and digestion of food items (Hysiop 
1980).
Anatomy
Osteological preparations were made by clearing and staining as described 
by Taylor (1967). Several other skulls were placed in a dermestid beetle colony 
for cleaning. The head musculature was studied through dissection of both 
preserved and freshly killed specimens. Illustrations were prepared with the 
use of a Wild dissecting microscope with a camera lucida.
Cut Content Analysis
The digestive tracts of 124 ^  oregonensis specimens were removed and their
contents examined. Food items in the gut had a tendency to be large, therefore
they were counted. This technique was found to be acceptable by Hysiop (1980)
for analyzing the gut contents of piscivorous fish species. All fish prey were
keyed to species and their standard lengths measured when possible. All other
prey items were placed into one of the following categories: plant, Crustacea,
4
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mollusc, or insect.
The standard length of all ^  oregonensis specimens with guts containing 
fish was measured in order to determine if a correlation existed between predator 
size and prey size.
Body Measurements
Standard measurements were taken on 50 thawed, fresh-frozen individuals. 
These included the head length, snout length, lateral and vertical internal mouth 
diameter, body height, premaxilla and dentary lengths, and gut length.
Head measurements were taken with the mouth both closed and open maximally 
with the premaxilla protruded. Internal mouth diameters were likewise measured 
with the mouth both maximally open and closed. Snout length was measured 
from the anterior rim of the orbit to the tip of the snout. The lower jaw was 
depressed manually in order to obtain these measurements.
The premaxilla and dentary were measured along their longitudinal axes from 
their most anterior point to the most posterior portion of the bones.
Cinematography
Three live northern squawfish (Standard length = 18.0 cm, 25.4 cm, 26.5 cm) 
were collected from the Clark Fork River for use in this portion of the study. 
They were housed in a large holding tank and allowed to acclimate for a period 
of 2 to 3 weeks. They were then moved individually into one of two filming tanks. 
These measured 31 X 102 X 46 cm and 39 X 122 X 51 cm, and held 170 and 265 
liters of water respectively. A mirror was placed below the smaller aquarium 
at an angle of 45°so that the ventral side of the fish could be filmed through 
the glass bottom of the tank. A gridded panel was placed at the rear of the 
aquarium so that velocity measurements could be made from the films.
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Prey capture sequences of Ptychocheilus oregonensis feeding on live goldfish 
(Carassius auratus) were filmed with the use of a Bolex H-16 reflex 16mm camera. 
Kodak Tri-X  7278 reversal and Kodak 4-X 7277 reversal film  was used at a speed 
of 64 frames per second. Several sequences were also filmed in which northern 
squawfish fed on earthworms (Lumbricus) on the bottom of the aquarium.
A total of 29 successful strikes were analyzed frame by frame with an LW 
16mm analyst projector and a CTI cinescan viewing machine.
Statistics
The change in body measurements with growth in length by northern squawfish 
was analyzed through linear regression. Confidence intervals were calculated 
(95% level) for the slope of each regression line in order to determine if these 
sieves were significantly different from a value of 1.0.
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Results
Osteology
The teleost skull may be divided into several functional units (Liem 1967a, 
1967b). These include the neurocranium, suspensorium, jaw apparatus, opercular 
apparatus and the hyoid apparatus. More than 10 individual were used for 
osteological examination. The nomenclature used here in describing the bones 
of the skull follows Patterson (1977) and Alexander (1966, 1969).
Neurocranium
The neurocranium is that portion of the teleost skull that encapsulates the 
brain and sensory organs. In Ptychocheilus oregonensis, the neurocranium (Fig. 
I) is composed of the following: the supraoccipital, epioccipital, pterotic, parietal, 
sphenotic, supraorbital, frontal, vomer, palatine, lateral ethmoid, mesethmoid, 
and kinethmoid.
Suspensorium
The suspensory apparatus includes that portion of the viscerocranium which 
suspends the Jaws anteriorly, and articulates with the neurocranium dorsal ly 
and the operculum posteroventrally. In Ptychocheilus oregonensis, it is composed 
of the pterygoid, entopterygoid, metapterygoid, symplectic, parasphenoid, 
hyomandibular and quadrate (Fig. I).
Jaw Apparatus
The jaw apparatus of P. oregonensis consists of four bones. The maxilla (Fig.
I, 2B) is a large, irregularly shaped bone. Posteriorly, it is firmly attached to
7
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the distal portion of the descending process of the premaxilla by means of a 
small ligament (not illustrated). Anteriorly, the maxilla has a large cranial process 
and premaxi llary process which surround the ascending process of the premaxilla.
The cranial process of the maxilla is loosely attached to the kinethmoid by 
means of a small ligament (Fig. 9, I.km). Another ligament connects the palatine
to the mid-lateral portion of the maxilla (Fig. 7, l.pm). Finally, the maxilla is
loosely bound along its ventral edge to the premaxilla by means of the fleshy 
tissue which surrounds the mouth.
The premaxilla (Fig. I, 3A) is a long L-shaped bone, with a short ascending 
process. The ascending processes are attached to each other by means of a small 
ligament running between them, and to the kinethmoid by way of a small ligament 
to its anterior head (Fig. 9, l.kp).
Each half of the lower jaw of P. oregonensis is composed of an L-shaped dentary 
and angular/articular (Patterson, 1975) (Fig. 1, 3B). The angular/articular is
irregular in shape and forms the most posterior portion of the lower jaw. It
articulates with the quadrate by means of a ball and socket joint.
The upper and lower jaw of Ptychocheilus oregonensis are bound together 
by means of a large ligament (Fig. 7, l.pmd) which runs from the posterior most 
portion of the premaxilla and maxilla to the dorsal, lateral, border of the coronoid 
process of the dentary.
When the lower jaw of ^  oregonensis is depressed maximally, the rostral 
portion of the premaxilla moves anteriorly, and slightly ventral ly. The posterior 
portion of both the premaxilla and maxilla slide forward slightly and partially 
close the gap on the lateral side of the mouth. The kinethmoid moves 
anterodorsally, but did not appear to pivot (Fig. 9).
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Opercular Apparatus
The operculum is made up of four bones In P. oregonensis which act to cover 
the gills. It consists of a large opercular, and elongate preopercle and the smaller 
subopercle and interopercle (Fig. I).
Hyoid Apparatus
The hyoid apparatus of Ptychocheilus oregonensis (Fig. 4) is composed of 
the urohyal, glossohyal, hypohyals, ceratohyals, epihyals, interhyals, basibranchials, 
hypobranchials, ceratobranchials, epibranchials and phary ngobranch i a I s.
Pharyngeal Teeth
Ptychocheilus oregonensis has large posteriorly hooked lower pharyngeal 
teeth in two rows (Fig. 5). The teeth are borne on the fifth  ceratobranchial. 
They are usually bilaterally asymmetrical, and are expressed by the formula 
2,5-4,2. The teeth are firmly ankylosed to the bone. Fink (1981) refers to this 
type of tooth attachment as type I. The pharyngeal teeth work against a horny, 
cornified pad in the posterior region of the pharynx.
Myology
The myological nomenclature used here follows that of Winterbottom (1974),
Lateral Head Musculature
The largest muscle mass of the lateral portion of the head is formed by the 
adductor mandibulae (Fig. 6). This muscle is subdivided into four divisions in 
Ptychocheilus oregoneiisis.
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Division Aj is the most ventral of the adductor mandibulae group. It is parallel 
fibered and originates on the hyomandibular, metapterygoid and quadrate. It 
inserts by means of a short, broad tendon onto the mid-ventral, lateral border 
of the maxilla.
Division A^ originates on the hyomandibular and metapterygoid. It is somewhat 
somewhat conical in shape, with its apex directed anteroventrally toward the 
dentary- It is located, in part, deep to A .̂ Division A^ inserts on the lateral 
side of the coronoid process of the dentary by means of a long tendon.
Division A  ̂ is a large triangular shaped muscle which originates on the 
metapterygoid and runs deep to both A  ̂ and A^. It is a pinnate muscle inserting 
on the medial surface of the coronoid process of the dentary by means of a long 
tendon.
The deepest division of the adductor mandibulae is A^<Fig. 7). It is a small, 
parallel fibered muscle which lies immediately deep to A^. Its origin is on the 
posterior margin of the quadrate. It inserts on the medial side of the coronoid 
process of the dentary.
The levator arcus palatini (Fig. 6, 7, LAP) is a parallel-fibered muscle 
originating on the sphenotic and frontal. Its fibers interdigitate with those of 
the dilator operculi. Its insertion is on the hyomandibular and metapterygoid.
The dilator operculi (Fig. 6, 7, DO), like the levator arcus palatini is a 
parallel-fibered muscle. It originates on the parietal and sphenotic and inserts 
on the anterodor sal region of the opercular.
The levator operculi (Fig. 6, LG) is a small parallel-fibered muscle. It 
originates on the parietal and inserts on the dorsal margin of the opercular.
The adductor arcus palatini (Fig. 7, AAR) originates on the sphenotic and 
hyomandibular at the posterior region of the orbit. It is a relatively small, 
parallel-fibered muscle which inserts on the metapterygoid.
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Ventral Head Musculature
The sternohyoideus (Fig. 8, SH) Is a large, flattened bipinnate muscle which 
inserts on the urohyal. Its origin Is on the cleithrum.
The protractor hyoidei (Fig. 8, PH) is a parallel-fibered muscle divided into 
anterior and posterior portions by a myocomma (Winterbottom, 1974). It originates 
on the ceratohyal and inserts on the inner border of the dentary near the symphysis 
of the two halves of the lower Jaw.
Gut Content Analysis
A total of 124 Ptychocheilus oregonensis specimens were subjected to gut 
content analysis. Of these, 59% had digestive tracts containing food material 
of some sort. Food items were found through the entire length of the digestive 
tract. Fish remains were found in 70% of those with food in the gut, 23% contained 
crayfish, 4% plants and 1% molluscs. The remaining 2% had guts in which 
unidentifiable material was found. No insect remains were seen in any of the 
gut content samples. None of the digestive tracts examined contained more 
than one type of prey. Two guts, however, had a very small amount of plant 
material in them in addition to other types of food. The plants were probably 
ingested incidentally with other t\^es of prey.
The diet of Ptychocheilus oregonensis from all collection sites, except Poison 
Bay, was made up almost exclusively of piscine prey. Fish consumed by P. 
oregonensis were of two species. 96% of these fish were young yellow perch.
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Perea flavescens, 3.5 to 8.0 cm in standard length. The remaining 4% were young 
P. oregonensis. There was an average of 1.7 fish per gut examined.
Ptychocheilus oregonensis which had consumed fish were from 16.4 to 45.0 
cm in standard length. Only two fish larger than 25.0 cm had food in the gut. 
All other ^  oregonensis were smaller, the majority of these ranging from 18.0 
to 25.0 cm in length (Fig. 10). Only 15% of the northern squawfish exceeding 
25.0 cm in length had guts containing fish prey. Of all P. oregonensis in this 
larger size class, 29% had food of some type in the digestive tract.
Ptychocheilus oregonensis took piscine prey which measured from 17.2 to
42.9% of their standard lengths. There was no good correlation between prey 
body size and predator size. This was probably due to the fact that most of the 
larger fish examined had empty guts, and therefore, P. oregonensis used for the
gut content analysis had a tendency to be of one general size class.
The second most predominant item, overall, in the digestive tracts of P. 
oregonensis specimens were crayfish. This prey type, however, was found only 
in the guts of ^  oregonensis collected from the Poison Bay area of Flathead 
Lake. Specimens collected from this location fed almost exclusively on these 
large crustaceans, which were found in 80% of the northern squawfish from this 
region.
Ptychocheilus oregonensis captured from other areas of Flathead Lake, or 
Blanchard Lake, had not consumed any crayfish.
Ptychocheilus oregonensis which fed on crayfish ranged in size from 22.0 
to 28.0 cm in standard length.
Aside from crayfish, molluscs and plants were also found in the digestive 
tracts of ^  oregonensis captured at Poison Bay. One specimen had consumed
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16 small snails of the genus Lymnaea. Snails ranged in size from 0.9 to 1.2 cm 
in length. The gut of one additional specimen contained exclusively plant material.
In those P. oregonensis specimens found to have ingested crayfish, this prey 
type occurred with an average frequency of 1.2 per gut. Exact counts and 
measurements were difficult to make because this prey type tended to be almost 
completely crushed, presumably by the pharyngeal teeth, before entering the 
digestive tract.
Body Measurements
Extensive body measurements were made for approximately 50 P. oregonensis 
specimens ranging in size from 17.0 to 44.7 cm in standard length.
The head of Ptychocheilus oregonensis makes up from 26 to 31% of the standard 
length of this fish species. Head length increases nearly linearly with P. 
oregonensis size (Fig. II). A slope of 1.0 in Figure II would indicate a strictly 
linear relationship between head length and body length. The slope of the 
regression line here, however, is 1.06. The confidence interval for the slope showed 
that it was significantly different from 1.0 in a statistical sense. This is probably 
not true biologically, because the actual percent change in head length is very 
small.
When the lower jaw of Ptychocheilus oregonensis is depressed, jaw protrusion 
occurs. Forward movement of the premaxilla increases the effective standard 
length of the fish by I.0-2.5%. There was no good correlation between fish length 
and the degree of jaw protrusion observed, probably because of inconsistency 
in the extent to which the lower jaw was manually abducted.
Mouth size was measured in several ways: laterial internal mouth diameter
(mouth both open and closed), vertical internal diameter (mouth open), premaxilla
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length, and dentary length. Both premaxilla and dentary length, as well as vertical 
internal mouth diameter (Fig. 12) increased linearly with P. oregonensis size.
The lateral internal diameter of the mouth, however, was found to grow 
disproportionally large in the bigger oregonensis specimens (Fig. 13). The 
slope of the regression line was 1.25, and was found to be significantly different 
from 1.0 (95% confidence interval).
The maximum body depth was also measured. Body depth increased linearly 
as oregonensis grew in length. Body depth ranged from approximately 20.0 
to 29.0% of the standard length of P. oregonensis, with an average of 24.7%.
The intestinal tract of Ptychocheilus oregonensis is a short S-shaped structure 
which averaged 102% of the standard length of the fish.
Cinematography
Prey capture was studied with the use of cinematography. Ptychocheilus 
oregonensis was filmed feeding on both goldfish and earthworms. Special care 
was taken to ensure that goldfish selected as prey corresponded in size to the 
fish prey taken by P. oregonensis in the wild.
Three basic phases of prey capture by Ptychocheilus oregonensis were studied. 
These were: attack, capture, and swallowing of prey items. The attack phase 
began at the time P. oregonensis oriented itself toward the prey, and continued 
as northern squawfish pursued the goldfish offered as food. The capture phase 
was designated as the period from opening of the mouth until the jaws closed 
following ingestion of the prey. Swallowing included deglutition of food items, 
as well as manipulation of prey after its initial capture.
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Attack Phase 15
Ptychocheilus oregonensis used exclusively what Webb (1984a) refers to as 
body/caudal fin, or BCF propulsion. Midwater attacks were usually not initiated 
from a standstill, but from slow cruising speeds. Once the prey was sighted, 
P. oregonensis accelerated toward it, slowing its speed somewhat as it approached 
the goldfish more closely (Fig. 14). Attacks were initiated from distances of 
between 50 and 20 cm. Occasionally, goldfish were not pursued, but were captured 
as they swam past P. oregonensis. This generally occurred only when northern 
squawfish appeared to have low feeding motivation, possibly as a result of previous 
successful prey capture attempts.
The attack velocity varied among prey capture sequences. This variation
was apparently related to the number of prey previously ingested. The average
-I -Iattack velocity at the time of capture was 60 cm s , or 3 body lengths s , for
all three predators studied regardless of their size. Attack speed ranged from
15cm s"̂  (approximately 0.75 body lengths s *) to 240cm s' (approximately 12
body lengths s"'). Pursuit of mobile prey at speeds less than 30 cm s ' ,  or 1.5
body length s ', always resulted in an aborted capture attempt, in which the
squawfish gave up the chase prior to attempting a strike.
Fast starts were used by Ptychocheilus oregonensis only on rare occasions.
S-starts (Webb 1980), in which the predator bends its body into an S-shaped wave
prior to accelerating toward its prey, were observed in three instances when
prey escaped from the mouth of the predator, and P. oregonensis had to initiate
a second capture attempt from a standstill.
When Ptychocheilus oregonensis was offered earthworms on the bottom of
the aquarium, attack velocities at the point of capture decreased in comparison
with those observed in the pursuit of moving midwater prey. Prey capture occurred
at an average velocity of 10 cm s ' (0.5 body lengths s ').
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Capture Phase
Ptychocheilus oregonensis employed suction feeding techniques in capturing 
prey. The capture phase usually began when ^  oregonensis was within I cm of 
its prey (5% of the predator's standard body length). Strikes generally were aimed 
at the midbody region of the goldfish (N=23), although on occasion prey were 
captured from behind (N=6), usually when goldfish were attempting to escape.
P. oregonensis approached prey items with its mouth closed. When within 
I cm of the prey, the lower jaw was depressed (Fig. ISA, B). Peak mouth gape 
was attained in an average of 0.03 seconds. Maximal mouth opening was always 
accompanied by upper Jaw protrusion and elevation of the head (Fig. 150. Maximal 
protrusion occurred concurrently with peak gape. Although the mouth of P. 
oregonensis appeared strongly notched laterally, the mouth orifice became nearly 
round at the time of peak opening. In successful capture attempts, the prey 
entered the mouth at the time of peak gape.
The abduction of the lower jaw was concurrent with buccal and opercular 
expansion. Hyoid depression occurred as the prey entered the mouth (Fig. ISC). 
These events were followed closely by rapid adduction of the lower jaw. Mouth 
closure took place in less than O.IS seconds following the entry of the prey into 
the mouth aperture. The premaxillae remained protruded and the hyoid depressed 
when the mouth was closed (Fig. ISD).
In 35% of the prey capture sequences filmed (N=S4), predator errors were 
noted. These included aborted attacks (N=9), as well as capture errors (N=IO). 
Capture errors are defined as predator mistakes in the strike phase of the attack. 
When mistakes were made by the predator in the capture phase, a brief chase 
usually followed, and the prey was captured on the second attempt. This type 
of predator error was defined by Nyberg (1971) as the intrinsic failure rate, and
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is equal to 16.7% in P. oregonensis. Errors usually occurred because mouth opening 
by the predator began too soon. As a result, the prey did not completely enter 
the mouth, but were caught between the jaws. These goldfish often managed 
to escape and had to be pursued.
Film sequences (N=4) of Ptychocheilus oregonensis feeding on earthworms 
were also studied. In these prey capture movements were similar to those 
employed in feeding on more mobile midwater prey. All mouth and head 
movements, however, were less dramatic when P. oregonensis fed on immobile 
prey such as worms. Jaw protrusion was not observed, probably because the 
mouth was never opened maximally. The worms were never taken completely 
into the mouth when first attacked but had to be manipulated into the pharynx 
by gulping motions.
Swallowing Phase
In all capture sequences studied, mouth closure was immediately followed
O
by a sharp, 180 , high-speed turn on the part of the predator. These turns were 
often followed by slow forward swimming accompanied by gulping movements. 
Gulping was characterized by an elevation of the neurocranium, slight opening 
of the mouth and hyoid depression, followed by a rapid return of the elements 
of the head to their previous position (mouth closed, jaw protruded and hyoid 
still somewhat depressed). Two or three gulps usually occurred in rapid succession. 
This appeared to be enough to allow the prey to be swallowed. After a series 
of gulping motions, the premaxillae and hyoid apparatus returned to their normal 
resting positions.
Instances, however, where the captured goldfish was especially large (25% 
body length or larger), it was often held in the mouth for a period of time often 
in excess of 5 minutes prior to swallowing.
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Occasionally Ptychocheilus oregonensis captured a second prey item before 
swallowing the first. When this occurred, both food items were held in the mouth 
and swallowed later in the same manner mentioned above for large food items.
Prey appeared to be punctured by the pharyngeal teeth shortly after entry 
into the mouth of ^  oregonensis. Blood was often observed coming from the 
opercular cavity of the predator. In addition, prey were occasionally spit out 
of the mouth only a few seconds after ingestion. These always had puncture 
marks along the length of the body.
Swallowing of immobile benthic prey (earthworms) was the same as that 
observed for mobile prey. The rapid turning behavior, however, did not occur. 
Gulping sequences were of longer duration because the elongate food items 
required a good deal of manipulation before they were completely inside the 
mouth.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Discussion
Both body form and head morphology are important factors correlated with 
the feeding behavior of teleost fishes (Liem & Osse 1975, Webb 1984a). 
Ptychocheilus oregonensis has an elongate, fusiform body. This shape is most 
efficient for rapid forward swimming and cruising (Keast & Webb 1966). The 
body shape of ^  oregonensis is similar to that of locomotor generalists such 
as Sa I mo gairdneri that employ body/caudal fin propulsion (Webb, 1984b).
The head of the northern squawfish is anatomically very similar to that of 
the generalized cyprinid fishes. The bones and connective tissue elements of 
P. oregonensis closely resemble those described for other members of the 
Cyprinidae (Alexander 1966, 1969, Ballantijn et al. 1972, Howes 1978, 1979, 1980, 
1981, 1982). The cranial musculature of P. oregonensis, however, is most similar 
to that of omnivorous cyprinid fishes such as Cyprinus (Ballantijn et al. 1972), 
Idus (Alexander 1966), and Gobio (Alexander 1966). In these species, however, 
there are two divisions of the Aj portion of the adductor mandibulae, P. 
oregonensis differs in that Aj consists of one division only, and the A 2 portion 
of the adductor mandibulae group appears to be relatively larger in P. oregonensis 
than in Cyprinus, Idus or Cobio. Specialized piscivores such as Luciobrama
macrocephalus (Howes 1978) show significant secondary modifications of the
head musculature not apparent in Ptychocheilus oregonensis. The adductor 
mandibulae of macrocephalus is made of divisions Aj and A^ only. A^ and
A^ are absent. In addition, the levator arcus palatini is greatly enlarged in this
species, a condition referred to by Howes (1978) as a specialization for piscivory.
The northern squawfish, however, is similar to other piscivores in that it
has an enlarged head and mouth compared with non-piscivorous species. The
width of the gape of P. oregonensis measured an average of 9.5% of the standard
19
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
20
length of the fish. This value is intermediate between that reported for Perea 
fiavescens and Esox lucius, whose mouth width measured 8%  and 12% of stndard 
length respectively (Keast & Webb 1966). Adult Perea flaveseens, when large, 
feed on decapods, fish and aquatic insects, while adult Esox lucius feed primarily 
on fishes (Keast & Webb 1966). The diet of P. oregonensis includes predominately 
fish material, but decapods and insects are eaten as well (Brett & McConnell 
1950, Brown & Moyle 1981, Buchanan et al. 1981, Foerster & Riker 1941, Hill 1962, 
Riker 1941, Steigenberger & Larkin 1974, Thompson 1959).
Mouth width in Ptychocheilus oregonensis increases exponentially as the species 
grows in length. This phenomenon may be correlated with the shift toward a 
diet comprised predominately of piscine prey as ^  oregonensis become larger 
(Thompson 1969).
The diet of the larger ^  oregonensis individuals (>25.0 cm) could not be 
determined in this study. Large specimens were difficult to collect, and those 
which were examined generally had empty digestive tracts. Brown & Moyle 
(1981) report similar findings. They suggest that large northern squawfish have 
a tendency to regurgitate when captured. Larger fish also tend to grow slowly. 
This suggests that these fish may eat sporadically (Moyle 1976).
Northern squawfish larger than 20.0 cm in length have been found in other 
studies to concentrate their feeding efforts primarily on fishes (Falter 1969, 
Moyle et al. 1979, Thompson 1959). Crayfish were also found to be an important 
component of the diet of P. oregonensis belonging to this size class (Falter 1969, 
Moyle et al. 1979, Thompson 1959).
Variation was also noted in the diet of P. oregonensis collected from different 
locations. Northern squawfish from the Poison Bay area of Flathead Lake 
consumed primarily crayfish, while those captured in other areas fed exclusively
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on fishes. Buchanan et al. (1981) suggest that P. oregonensis is an opportunistic 
feeder which concentrates its feeding efforts on the most abundant prey available. 
This opportunistic behavior is a probable cause for the significant impact of 
Ptychocheilus oregonensis on populations of gamefish in hatchery release areas 
where large numbers of young trout or salmon are gathered.
Ptychocheilus oregonensis has a tendency to consume only one type of food 
at a given time. The digestive tracts examined never contained more than one 
prey type. The gut contents of each northern squawfish probably represented 
only the remains of one feeding bout. Steigenberger & Larkin (1974) found that 
the digestive tract of Ptychocheilus oregonensis at I4°C is cleared in 24 hours 
or less. At 24 ®C, 40-50% of the contents were evacuated from the gut in one 
hour. Therefore, during the summer months, when collections for this study 
were made, digestion in this species is probably very rapid, leaving only the most 
recently ingested material in the gut for analysis.
Ptychocheilus oregonensis fed readily on a variety of prey in the laboratory. 
Feeding strategies involving capture of piscine prey were of primary interest 
here.
Prey capture by oregonensis involved high speed forward swimming 
accompanied by jaw protrusion and suction at the moment of contact with the 
prey. Forward swimming leads to a highly directed flow of water into the mouth 
of the predator, while suction alone results in water intake from all sides of 
the orifice (Muller & Osse 1984). Therefore, forward swimming combined with 
suction feeding is probably more efficient than the use of suction alone.
The attack phase of a predatory episode by P. oregonensis was very similar 
to that deer i bed by Webb (1984b) for Sa I mo gairdneri. Rainbow trout, like P. 
oregonensis, do not use fast starts when initiating an attack, despite the fact
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that they are capable of fast starts (Webb 1976). The northern squawfish also
had the ability to employ fast starts. These were observed on several occasions,
primarily when P. oregonensis was forced to accelerate from a near standstill.
Ambushing predators such as Esox use fast starts almost exclusively (Rand
& Lauder 1981, VJetb & Skadsen 1980, Webb 1984b). These fish accelerate over
very short distances, generally from a motionless position. According to Webb
(1984b), acceleration can be maximized by the use of S-starts in which the body
is bent into two lateral waves. It would seem advantageous for any fish to use
a fast-start when maximum acceleration is required over a short distance as
in pursuing escaping prey from a standstill. Used over long distances, however,
this type of locomotion is probably very costly from an energetic standpoint.
Generally speaking, Ptychocheilus oregonensis did not swim at maximum
speed when pursuing prey. P  ̂ oregonensis was capable of attaining an attack
speed of 12 body lengths s"* , but only fo r a very brief time. The majority of
midwater attacks occurred at a velocity of 3.0 body lengths s *. This speed is
- t
strikingly similar to the 3.1 body lengths s measured by Nyberg (1971) for large
“I
mouth bass (Micropterus salmoides) and the 3.0 body lengths s reported for
Sa I mo gairdneri by Van Leeuwen (1984).
Slower attack speeds were also noted. At swimming velocities less than
-i
approximately 1.5 body length s , prey capture attempts usually failed. A slow 
approach probably allowed the prey ample time for escape. Evasive maneuvers 
by the prey almost always involved abrupt 90* turns which the predator could 
not follow. This was probably due to the forward momentum of the predator, 
even at relatively low speeds, which caused the predator to be unable to turn 
and follow the prey.
A 16.7% intrinsic failure rate in prey capture was noted in P. oregonensis. 
This rate is nearly three times that reported by Nyberg (1971) for largemouth
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bass. Webb (1984b) reports that success rates were 100% for rainbow trout. 
Ptychocheilus oregonensis may not be as successful in capturing prey as the bass 
or trout because of its lack of teeth. Prey often were observed escaping from 
between the jaws of northern squawfish. It should be noted, however, that when 
P. oregonensis failed to ingest its prey on the first attempt, the prey was always 
captured following a brief chase.
Unsuccessful capture attempts were probably most closely related to the amount 
of prey previously ingested by the predator in that day. As oregonensis 
continued to feed, attack speeds decreased markedly, and attacks were more 
frequently aborted.
The slowest attack velocities were observed when ^  oregonensis fed from 
the bottom. Nyberg (1971) noted that largemouth bass approach prey items on 
the bottom at slower speeds than are used in midwater strikes and suggested 
that slower velocities are employed because benthic prey were passive and escape 
of the prey was not likely.
Ptychocheilus oregonensis employed suction feeding and premaxillary protrusion 
in capturing prey. The upper jaw of cyprinid fishes is typically protrusible, 
although the degree of protrusibiiity varies interspecifically (Alexander 1966, 
1969, Matthes 1963), or may be completely lost secondarily (Howes 1979). Jaw 
protrusion in cyprinids is generally thought to result from depression of the 
mandible. The mechanics of jaw protrusion in the Cyprinidae is covered 
extensively by Alexander (1966, 1969), Matthes (1963) and Ballantijn et al. (1972).
Protrusion of the upper jaw has been assigned a large variety of functions 
in teleost fishes. The most important of these for predatory fish is that protrusion 
allows the jaws to be accelerated toward the prey, thus increasing the effective 
velocity of the predator (Alexander 1967, Lauder & Liem 1981, Nyberg 1971,
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Schaeffer & Rosen 1961, Van Leeuwen & Muller 1984). This is significant for 
two reasons. Acceleration of the jaws is energetically more efficient than 
accelerating the entire body mass, and protrusion of the premaxillae increases 
the acceleration of the prey into the mouth cavity (Van Leeuwen & Muller 1984). 
In addition. Van Leeuwen & Muller state that protrusion also increases the 
effective length of the mouth, thus increasing the velocity of the water moving 
into it.
An increase in the water velocity into the mouth aperture, and the prey as 
well, is extremely important for predatory fish which feed on mobile prey items. 
This allows the prey less opportunity to escape and, therefore, may increase 
feeding efficiency.
Upper jaw protursion may also allow a highly directed flow into the mouth 
(Muller & Osse 1984). Forward swimming also has this effect. Swimming and 
Jaw protrusion in conjunction with suction feeding may result in a more effective 
feeding mechanism than suction alone.
Protrusion increased the effective length of oregonensis by 1.0-2.5%. This 
corresponds to a 14% increase in the snout length of the fish. Keast & Webb 
(1966) measured a 20% and 17% increase in snout length for Perea fiavescens 
and Micropterus salmoides, respectively. The percent increase for two other 
cyprinids studied by Keast & Webb (1966) was 49% for Notemigonus crysoleucas 
and 45% for Notropis heterodon. Protrusion in Ptychocheilus oregonensis is 
probably less important than it is in species such as N. crysoleucas or N. heterodon, 
because portrusibility of the upper jaw of the northern squawfish is markedly 
less than in these species. Premaxi Mary protrusion in P. oregonensis, however, 
is only slightly less than in predators such as the largemouth bass or the yellow 
perch. High speed swimming during prey capture in predatory fish may compensate 
for the relatively low degree of protrusibiiity in these species.
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Premaxi llary protrusion in Ptychocheilus oregonensis occurs at the time of 
peak gape. This is when the prey usually enters the mouth. At this time, the 
mouth orifice becomes almost completely round. The mouth shape is altered 
by forward rotation of the posterior ends of the maxillae and premaxillae. This 
movement acts to occlude the gap found on the lateral portion of the mouth. 
Muller et al. (1982) and Lauder (1979) found that rotationally symmetrical mouth 
openings were most efficient in generating suction into the buccal cavity.
Buccal and opercular abduction occurs concurrently with maximal mouth 
opening. The rapid expansion of the operculum is an important factor in 
determining the amount of suction generated by a fish (Van Leeuwen & Muller 
1984). P. oregonensis appeared to employ stronger suction during midwater strikes 
than in capturing prey from the bottom. This observation is based on the degree 
to which the elements of the head moved during prey capture. Strong suction 
is essential in rapidly accelerating, potentially evasive prey into the mouth opening 
before an escape can be made.
Occasionally, ^  oregonensis opened its mouth too soon. As a result, the 
prey did not completely enter the mouth, but was caught between the jaws. 
These prey usually managed to escape from the mouth and had to be chased. 
Timing of mouth opening, as well as buccal and opercular expansion is essential 
to ^  oregonensis. If the prey does not enter the mouth in its entirety, it has 
a good chance of escaping because the Jaws in this species lack teeth. For this 
reason, suction may be more important in this species than in dentate piscivores.
Suction was important in all midwater strikes except a single attack in which 
P. oregonensis was moving toward the prey at a velocity of 9 body lengths s“J 
In this instance, the effect of swimming appeared to eliminate the need for strong 
suction. Instead, the mouth began to open 3 cm from the prey, and the operculum 
was slightly expanded. Rapid opercular abduction did not occur. The time elapsed
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during mouth opening (approximately 0.03 s), however, was the same as that 
observed in the majority of strikes which occurred at 3 body lengths s I  Nyberg 
(1971) found that bass traveling at speeds in excess of 5 body lengths s * did not 
use suction in prey capture. Lauder & Clark (1984) found that prey capture by 
largemouth bass traveling at 40 cm s *(3.7 body lengths s~*) involved very little  
suction. They state that the amount of suction generated by the bass was Just 
sufficient to overcome the stagnation effects due to forward motion. Northern 
squawfish traveling at similar speeds, however, appeared to rely heavily on suction 
in prey capture.
At a speed of 12 body lengths s *, ^  oregonensis did not open its mouth 
maximally as it did in other strikes. Van Leeuwen & Muller (1984) suggest that 
fish traveling at high velocity should not open the mouth to peak gape. This 
minimizes stagnation effects resulting from swimming. Whether or not P. 
oregonensis consistently meets this prediction is not known as all other interactions 
with prey occurred at much slower speeds.
The slowest attack velocities were observed in film sequences showing 
Ptychocheilus oregonensis feeding on Lumbricus from the bottom. The most 
significant factor influencing the feeding activities of ^  oregonensis in this 
situation was that the prey were not mobile. Head movements were slightly 
reduced when northern squawfish fed on worms. The mouth was not opened to 
its fullest, nor was protrusion observed. Nyberg (1971) noted this in the largemouth 
bass, as did Rand & Lauder (1981) for Esox. Nyberg (1971) suggests that a smaller 
mouth opening may Increase the velocity of prey entering the mouth.
Earthworms never entered the mouth in their entirety, but had to be 
manipulated into the buccal cavity. Unlike situations involving mobile prey, 
incomplete entry of the worms into the mouth was of little consequence because
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such prey have essentially no chance of escaping.
Following the entrance of any prey item into the mouth of P. oregonensis, 
it was manipulated into the pharynx by means of gulping motions. Occasionally, 
however, the prey were retained in the mouth for a period of time prior to being 
moved posteriorly into the pharynx. Werner (1974) found that handling time 
increased significantly in sunfishes as prey size increased. P. oregonensis appeared 
to hold large, mobile prey in its mouth until they were subdued, possibly through 
the action of the pharyngeal teeth on the more posterior portion of the prey. 
If mobile prey were not held in the mouth before swallowing was attempted, 
they often were able to escape. Swallowing motions involved slight opening 
of the mouth aperture, thus allowing larger prey to get out of the mouth.
From the cinephotography, it appeared that Ptychocheilus oregonensis was 
capable of modifying its strike tactics in accordance with the type of prey it 
encountered. Benthic prey were attacked at slower speeds and with less head 
movement than prey swimming in the water column. Attacks on the latter ranged 
greatly in velocity. The morphology of the head of this species is similar to 
that of the more generalized cyprinid fishes. As a result, this species may have 
retained the flexibility in its feeding apparatus to allow it to feed on a variety 
of prey in the wild. The natural diet of Ptychocheilus oregonensis appeared to 
reflect this ability.
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Figure I Right lateral view of the skull of P. oregonensis 
with circumorbitals removed. Abbreviations: 
ang-anguIar/articular, br-branchiostegaI, cl-cleithrum, 
dn-dentary, enpt-entopterygoid, epo-epioccipital, 
fr-frontal, hyom-hyomandibular, iop-interopercle, 
ke-kinethmoid, le-lateral ethmoid, mes-mesethmoid, 
mtp-metapterygoid, mx-maxilla, op-opercle, pa-parietal, 
pas-parasohenoid, pl-palatine, pmx-premaxilla, 
pop-preopercle, pto-pterotic, ptr-pterygoid, qu-quadrate, 
so-supraorbital, soc-supraoccipital, sop-subopercle, 
sph-sphenotic, sym-symplectic.
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Figure 2 (A) Lateral view of the right maxilla of P. oregonensis.
(B) medial view of the right maxilla. Abbreviations: 
C-cranial, CC-cranial condyle, CP-cranial process, 
D-dorsal, PC-premaxillary condyle, PP-premaxiIlary 
process.
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Figure 3 (A) lateral view of the right premaxilla of P.
oregonensis. (B) lateral view of the right dentary 
of P. oregonensis. Abbreviations: ang-angular/articular, 
AP-ascending process, C-cranial, CP-coronoid process, 
D-dorsal, DP-descending process.
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Figure 4 Exploded view of the hyoid apparatus of P. oregonensis.
Abbreviations: BB-basibranchial, CB-ceratobranchial, 
CH-ceratohyal, EB-epibranchial, EH-epihyal, GH-glossohyal, 
HB-hypobranchia), HHD-dorsal hypohyal, HHV-ventral 
hypohyal, IH-interhyai, PB-pharyngobranchial, UH-urohyal.
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Figure 5 Right fifth ceratobranchiai of P. oregonensis 
showing pharyngeal teeth.
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Figure 6 Right lateral view of the head of P. oregonensis
showing the superficial musculature. Abbreviations 
in text.
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Figure 7 Right lateral view of the head of P. oregonensis showing 
deep musculature and connective tissue elements. 
Abbreviations not found in text: hyom-hyomandibular, 
ke-kinethmoid, mtp-metapterygoid, mx-maxilla, op-opercle, 
pl-palatine, pmx-premaxilla, qu-quadrate.
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Figure 8 Ventral view of the head of P. oregonensis showing 
superficial musculature. Abbreviations in 
text.
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Figure 9 Dorsal view of the skull of P. oregonensis showing connective 
tissue elements associated with the upper jaw. (A) premaxilla 
in normal resting position. Abbreviations not found in text: 
ke-kinethmoid, mes-mesethmoid, mx-maxilla, pmx-premaxilla.
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Figure 10 Average number of prey per P. oregonensis gut versus 
standard length of the predator in cm. The number 
of specimens examined in each size class is indicated. 
Darkened bars represent prey counts of 0.
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Figure II Log head length in cm vs. log standard length of 
P. oregonensis in cm. b = slope of the regression 
line.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
O
z
û<
LU
X
o
O
0.9
0.8 •  #
0.7
1.3 1.4 1.51.2
LOG STANDARD LENGTH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
54
Figure 12 Log vertical internal diameter of the open mouth 
in cm vs. log standard length of the predator, 
b = slope of the regression line.
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Figure 12 Log vertical internal diameter of the open mouth 
in cm vs. log standard length of the predator, 
b = slope of the regression line.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
0.7
0.6
u_
oc
X  0.5
<  O
^  z  0.4
OC ÿ
SiO
0.3
0.2
LOG STANDARD LENGTH
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
58
Figure 14 Predator velocity in body lengths s~̂ vs. distance 
to prey in cm. Closed circles represent mean 
speeds ± the standard error.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
STANDARD LENGTH PREDATOR
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
Figure 15 Typical feeding sequence for P. oregonensis attacking
midwater prey (goldfish). Elapsed time between figures 
is .015s. (A) P. oregonensis approaching prey. (B)
Mouth opening begins. (C) Mouth open maximally. Note 
premaxi Mary protrusion. CD) Mouth begins to close, premaxilla 
remains protruded, and the hyoid is depressed. (E) Mouth 
completely closed following ingestion of the prey. Note 
that the premaxilla remains protruded and the hyoid 
depressed.
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